To study the in-medium modification of quarkonium properties, charmonium correlators at 140.4(β = 6.664) ≤ T ≤ 221(β = 7.280) (MeV) are calculated using the NRQCD formalism on 48 3 × 12 gauge configurations with dynamical N f = 2 + 1 flavors of Highly Improved Staggered Quarks (HISQ). To determine the "zero energy shift" for these lattices, we perform a fine zero temperature scan (β = 6. 664, 6.740, 6.800, 6.880, 6.950, 7.030, 7.150 and 7.280). We find that the temperature dependence of charmonium correlators is stronger than the temperature dependence of bottomonium correlators in a given channel. This fits into the expected pattern of sequential quarkonium melting.
Introduction
Quarkonium is expected to play an important role as an indicator for quark-gluon plasma (QGP) formation [1] . A quantitative understanding of how quarkonium behaves around the transition temperature based on first principle calculations is a long sought goal of many studies. Recently, bottomonium correlators were studied within a lattice formulation of non-relativistic QCD (NRQCD) in the background of gauge fields simulated in a non-zero temperature environment with dynamical quarks. Spectral functions of various channels have been reconstructed with Bayesian methods and were scrutinized for in-medium modification [2, 3, 4, 5, 6, 7, 8] . There are several advantages of this approach: (1) NRQCD is an effective field theory of QCD in which momenta above the soft scale mv including those of the order of the heavy quark rest mass are "integrated out". It represents a systematic series expansion in powers of v (heavy quark velocity in the rest frame of quarkonium) [9] . The difficulty associated with the lattice conditions for a heavy quark that a (lattice spacing) 1 
M
La (lattice extent) is turned into an advantage as basis of an effective description. (2) The kernel in the spectral representation of NRQCD quarkonium correlators is temperature independent and the problematic constant contribution to the spectral function in relativistic QCD [10, 11, 12] is absent (note that quarkonium state itself is not in thermal equilibrium). Note also that NRQCD calculations of heavy quark propagators constitute an initial value problem, not a boundary value problem like in the case of a relativistic calculation. This reduces the computational effort significantly.
The studies in Refs. [2, 3, 4, 5, 6] use anisotropic lattices with a fixed lattice spacing (at a somewhat heavy pion mass of ∼ 400 MeV) and the system temperature is increased by decreasing the number of Euclidean time slices. They employ the Maximum Entropy Method (MEM) [13] for spectral function reconstructions. The work in Ref. [8] uses isotropic lattices with variable lattice spacing (at nearly physical pion and kaon masses). The system temperature is increased by decreasing the lattice spacing. In Ref. [8] both MEM and a new Bayesian Reconstruction (BR) method [14] are used for spectral function reconstruction.
These two studies use different lattice setups and employ different spectral reconstruction methods. A comparison of such different approaches may give us better understanding on the reconstruction uncertainties of spectral functions via Bayesian methods in general. In both [3, 6] and [8] a consistent "sequential suppression" pattern of ϒ(1S), ϒ(2S) and ϒ(3S) state has been observed in spectral functions of the ϒ channel, which were reconstructed both with MEM and the BR method. Thus lattice NRQCD studies of S-wave bottominum at T = 0 are on firm grounds. On the other hand for P-wave bottomonium, the spectral functions reconstructed with MEM show a "melting" behavior immediately close to T c [5, 6, 8] while those reconstructed with the BR method show survival of peaked structures for the ground state up to 1.61T c .
Here, we report on preliminary results from our study of in-medium charmonium using the O(v 4 ) NRQCD Lagrangian for the calculation of correlator at T = 0. We use the same 48 3 × 12 gauge configurations generated by HotQCD collaboration [15, 16] as in our bottomonium study [8] ). The lattice NRQCD parameters for T = 0 are listed in Table 1 (see [15] for the details on how the lattice gauge fields are generated). At β = 6.664, 6.800, 6.950 (on 32 3 × 32 latices), β = 6.740, 6.880, 7.030 (on 48 3 × 48 lattice) and β = 7.150, 7.280 (on 48 3 × 64 lattice), accompanying T = 0 calculations are performed. Since M c a < 1, we tested the value n = 6 and 8 for the Lepage parameter and the result from n = 6 is used for the following analysis.
Preliminary Result
To determine the "zero energy shift" in NRQCD spectra, we need T = 0 simulations at each β . Note that relativistic corrections are expected to be larger in the charmonium system compared to bottomonium, and thus the T=0 masses obtained there might differ significantly from their PDG value. Fig. 1 shows J/ψ correlators at T = 0 (right) and compares them to ϒ correlators (left). Fig. 2 shows χ c1 correlators (right) and compares them to χ b1 correlators (left). Both S-and Pwave charmonium NRQCD correlators at T = 0 follow an exponentially falling behavior and both exponential fits to the correlators or the peak position from spectral functions reconstructed with Bayesian methods give reasonable χ c1 − J/ψ splitting (∼ 450 MeV, compared to (χ c1 − J/ψ) exp 413 MeV). Fig. 3 shows the ratio of T = 0 and T = 0 correlators for the S-and P-wave charmonium at eight different values of β . As expected, temperature effects in the charmonium system are larger than those for bottomonium. Compared to bottomonium, which shows changes up to ∼ 1% for the S-wave at the highest temperature and up to ∼ 5% for P-wave [8] , charmonium shows an increase up to ∼ 5% for the S-wave at the highest temperature and up to ∼ 13% for the P-wave. Interestingly, both S-and P-wave charmonium correlator ratios show non-monotonic behavior as the temperature increases. Both below and above T c (T c = 159 MeV), the ratios for S-and P-wave charmonium are larger than one. As the temperature approaches T c from below, the ratios decrease toward unity. As the temperature further increases above T c , the ratios also start to increase and to move further away from the value one. Such a non-trivial behavior may be understood in terms Lattice QCD based potential studies [17] may help to further shed light on these phenomena. Let us turn to another measure of in-medium modification, the so-called effective power γ(τ) defined from the normalized Euclidean time derivative of the NRQCD correlators
Its values for the S-wave and P-wave channels at T > 0 are shown in Fig. 4 and Fig. 5 respectively. Each figure includes four sets of γ(τ). The dotted line denotes the value for the asymptotic behavior of the non-interacting NRQCD correlators, i.e. 3/2 for the S-wave and 5/2 for the P-wave [2] . Two curves are calculated from the correlators in the presence of finite T gauge fields at the lowest (0.91T c , green square) and highest temperature (1.61T c , magenta square). Those curves belonging to non-interacting gauge fields on trivial lattices correspond to T = 0.91T c (i.e., calculated with U µ (x) = 1 but M c a = 0.7566, blue circle) and T = 1.61T c (i.e., with M c a = 0.4274, red circle). The γ(τ) for free S-and P-wave bottomonium approaches the asymptotic value of the free theory for relatively small values of τ, while γ(τ) for the interacting S-and P-wave bottominium are quite different from the free behavior. Figure 3 : the ratio of S-wave charmonium correlator at T = 0 to T = 0 S-wave charmonium correlator (left) and the ratio of P-wave charmonium correlator at T = 0 to T = 0 P-wave charmonium correlator (right). the lines connecting the data points for T ≤ 160 MeV are there just to guide. In the case of charmonium (both for S-and P-wave) the effective power γ(τ) corresponding to the free lattice correlator is different from the analytic result even for large τ. These differences are larger at high temperatures. At T = 0.91T c the effective power is not very different for charmonium and bottomonium. At higher temperatures, i.e at T = 1.6T c there are significant differences. We see a larger temperature dependence of γ for charmonium, and the value of γ gets closer to the free theory result. This implies stronger modification of bound state properties and/or dissolution of the bound states in the charmonium sector. On the other hand γ in the interaction case is always quite different from the free case. This is most likely due to the non-trivial behavior of the spectral functions near the threshold [18] . Even if all bound states are melted the free spectral function is a poor approximation of the interacting quarkonium spectral function [18] . Furthermore, the interpretation of γ(τ) is quite subtle due to renormalization effects at the threshold near 2M and dicretization effects in the quarkonium correlators [6] . The latter aspect is a less of a concern for our charmonium study, since the HotQCD gauge configurations are quite close to the continuum limit. Figure 5 : the effective power of P-wave charmonium correlator (left) and that of P-wave bottomonium correlator (right)
Discussion
S-and P-wave charmonium correlators are calculated using a lattice discretized formulation of NRQCD. In the ratio of non-zero temperature to T = 0 correlators, a larger temperature effect is seen for charmonium system than bottomonium system. The size of temperature effect in J/ψ is similar to that in χ b1 . χ c1 shows even larger temperature effect in the ratio.
The effective power (γ) defined by the normailized Euclidean time derivative of the correlator suggests that the T = 0 J/ψ channel is binding up to T = 1.61T c (= 249) MeV, since γ of J/ψ, calculated on the corresponding thermal gauge configuration behaves far differently from that of J/ψ on a non-interacting gauge configuration. χ c1 appears to be melting at T = 1.61T c (= 249) MeV, since γ of χ c1 calculated on the thermal gauge configuration behaves similar to that of χ c1 on a trivial gauge configuration. Of course, since a charm quark is lighter than a bottom quark, the charmonium system may suffer from larger relativistic corrections. M c a < 1 (see Tab. 1) may cause sizeable radiative corrections in the coefficients of the NRQCD Lagrangian. Further study is required to understand the behavior of the effective power, in particular since renormalization effects around the threshold can obscure its meaning [6] .
The reconstruction of spectral functions for S-and P-wave charmonium using both MEM and the new Bayesian method, as well as the investigation of their systematic uncertainties using increased statistics is under way.
